The leading themes in the distribution network development are the cost effectiveness and system reliability. Also 
INTRODUCTION
The LVDC distribution system is one of the new primary technological innovations in electricity distribution. The system has been developed to provide an economically feasible solution to enhance the reliability and energy efficiency of the distribution system and the power quality at the customer. Another goal in the system development has been to make connecting and operating small-scale distributed generation and energy storages easier than in the existing AC-systems. Today's power electronics and the possibility to use maximum 1500 V DC voltage in the LV network make these goals reachable [1] .
When considering the structure of the power electronic converters used, for instance, in the LVDC-system, the components with the highest fault rate are the power switches and capacitors. In these applications, the switches are mostly IGB-transistors having average lifetime of ten years. The capacitors on the other hand last usually no longer than five years. The fault rate of these critical components also varies significantly as a function of their operation temperatures, but also as a function of the conditions in which the converter is installed. Hence, the reliable operation of the converters requires renewal of the critical components during the utilisation period according to a well-planned maintenance program. Also the development of power switches aims improving their reliability.
THE LVDC SYSTEM
A LVDC system in general consists of a distribution transformer, a rectifier, a DC link, DC/AC inverter units, filters and customer loads. In a LVDC distribution system the DC connection is used to avoid the need to construct a medium voltage (MV) branch line and traditional AC low voltage (LVAC) network to provide electricity to a group of customers. The LVDC distribution network contains only a wide DC connection between MV main line and coupling points of the customers, where the DC voltage is inverted back to AC voltage [1] . The total costs of this kind of structure are lower than in the case of traditional MV/LV AC networks due to lower capital costs. In Figure 1 is presented the network concept of the LVDC system as a part of a MV feeder. 
MV protection zone
Customer interface: V d~ 0 % 3-7 faults / 100 km,a P avg > 1 MW 1-2 faults / 100 km,a P avg < 300 kW Figure 1 . The LVDC distribution system with customer specific DC/AC converters as a part of an electricity distribution network.
The DC-distribution system can be made with unipolar or bipolar connections. The difference between these two connections is the number of voltage levels. The LVDC network concept is discussed further in [1] . In following studies the DC connection is assumed to be bipolar ±750 VDC system.
RELIABILITY OF POWER ELECTRONICS
The reliability of a power electronic converter mainly consists of the reliability of the power electronic switches and the capacitors located in the main circuit. The failure rate of the power electronic components strongly depends on the temperature and the loading conditions. Therefore exact prediction of lifetimes requires the knowledge about the circumstances throughout the lifetime of the component or the system. However, some rough predictions could be made and from the practical experience the approximations of lifetimes could be concluded.
The circumstances in which the LVDC system is used, the power electronics has to tolerate a varying temperature (i.e. -40 -+70 °C) and humidity in different loading conditions. Especially the temperature has a huge effect on the reliability of power electronic devices. Therefore modelling the effects caused by the temperature is used, when considering the reliability of a power electronic converter. Other affecting variables on, in general, are the voltage and current.
Reliability of a power electronic component
One method for estimating the reliability of a single component is calculating the mean-time-between-failure (MTBF) [2] . The method can be used when the failure rates λ, the number of components and the quality factor of the component are known or calculated.
where λ equip is the total equipment failure rate (failure/10 6 hours), λ i is the generic failure rate for the i'th generic part (failure/10 6 hours), π i is the quality factor, N i is the quantity of the i'th generic part and n is the number of different generic part categories. In [2] equations are presented, for example, for the electrolytic capacitors. The total failure rate for a single capacitor is expressed as (2)
Where λ b is the base value of the failure rate, π CV is the capacitance value factor, π Q is the quality factor and π E is the environment factor. The base value of the capacitor failure rate can be calculated as follows [2] 
where S is the ratio between the operating voltage to rated voltage and T is the ambient temperature. Then the effect of the capacitance value of the capacitor could be estimated from [2] 19 . 0
where the capacitance value C is given in µF. The quality factor is 10 and the environment factor is 1, when ground fixed circumstances is assumed, that is, conditions less than ideal such as installation in permanent racks with adequate cooling air and possible installation in unheated buildings Now calculating the failure rate for the 400 V, 8 mF capacitor, of which average ambient temperature is 50°C and the average peak voltage is 325 V. The results are shown in Fig. 1 when the average ambient temperature is varied. However, the model above does not include the effect of distortions that induce high voltages, currents or a sudden rise in temperature. These still reduce the lifetime of the capacitor. Therefore, in practice, a typical average MTBF value for an electrolytic capacitor is 5 years. Furthermore, the average MTBF value for the IGBT inverter bridge is 10 years.
Fault rate of a converter
On the power electronic system level the reliability consists of the reliability of different parts of the system whose reliability is then again a function of reliability of its components and smaller installed independent systems e.g. digital signal processor (DSP). By simplifying so that only the main circuit is taken into account the reliability of converter is affected mainly by the reliability of switches and capacitors. Thus, based on the previously mentioned MTBF values of IGBT bridges and capacitors, the typical fault frequency of an IGBT based converter is 0,3 faults/year.
In the LVDC system the rectifying converter can be carried out at the simplest level with a diode bridge. However, more properties can be achieved by using a thyristor bridge rectifier or a transistor bridge rectifier. With the transistor bridge rectifier from powers of a few kilowatts to couple megawatts, typically, IGB-or ICG-transistors are used. Due to the low switching frequency the reliability of the diode bridge rectifier is typically higher than the reliability of corresponding thyristor or IGB transistor rectifiers. IGB-bridge is required if there is a need for bi-directional power flow between the LVDC and feeding MV network. In further calculations the fault frequency of the rectifying converter is assumed to be the same than the above estimated fault frequency of an IGBT converter.
IMPACT ON DISTRIBUTION SYSTEM RELIABILITY
The whole LVDC system reliability consists of the reliability of rectifiers, inverters, filters and control electronics that are used to control the inverters and rectifiers and the reliability of conventional electricity distribution network components like transformers and lines. Furthermore the reliability of a larger distribution network is a sum of the reliability of its smaller units -MV and LV networks.
Case study
The reliability impact of the large-scale utilisation of the LVDC system as a part of a larger network area can be analysed for instance by calculating the changes in system average interruption frequency index (SAIFI) and system average interruption duration index (SAIDI) as a function of LVDC penetration rate. In this case the analysis has been done for a single MV feeder, representing an average rural feeder in Finland. Figure 3 presents the feeder structure.
The studied feeder consists of 45 km of MV overhead (OH) lines. The feeder has six manually controlled disconnectors and three remote controlled disconnectors, of which two are located at the reserve connections to the neighbouring feeders. The feeder is operated radial but it is a part of meshed network structure. The customer density is assumed to be equal all over the feeder. The parameters for the reliability index calculation are presented in table 1. The fault rates of distribution transformers are included in the fault frequency of MV lines. A fault in a customer inverter causes an interruption only to the corresponding customer. Fault in the DC network or in the rectifier cause an interruption for all of the customers in the same transforming district. Energy storages or DG are not connected to the DC-network.
The latest research indicates that in some cases even more than 50 % of the present MV systems could be replaced with the LVDC system. At the studied feeder the total replacement potential is assumed to be 45 % of the MV length. This means that in every disconnector sector there is average 2,25 km of MV branch lines, which can be replaced with the LVDC system. In the analysis the MV replacement potential is exploited first. After this, a part of the remaining LVAC networks is replaced with the LVDC system, until the penetration rate of inverter based customer interfaces reaches 70 % of all customers. Figure 4 presents the development SAIFI and SAIDI of the feeder as a function of the relative amount of inverter based customer interfaces from the total amount of customers. As the figure 4 shows, the SAIFI and the SAIDI of the feeder keep decreasing until all the possible MV branch lines and corresponding LV networks are replaced with the LVDC system. From this point forward, the values of the interruption indexes start to rise. Hence, it can be concluded that as long as the reliability of the MV network can be increased by replacing parts of it with LVDC lines forming their own protection areas, the reliability impact of the LVDC distribution is positive. However, if only the LVAC networks are replaced with the LVDC networks, the number of interruptions experienced by the customers will increase due to the interruptions caused by the converters. In practise the approximated fault rate of power electronics is, however, too high and the replacement time of a converter can also be considerably higher than one hour. The reliability index values are highly sensitive to the converter fault rates and replacement times as well as to the amount of MV lines replaceable with the LVDC system. Hence, the presented results cannot be generalised.
Voltage quality
The quality of the voltage for the public distribution networks is regulated by the European Standard EN 50160. The definitions in the standard are related to the usual AC networks, but some concepts are valid also for DC networks. The voltage quality of a DC network with respect to the EN 50160 is considered further in [3] Application of the LVDC system and actively controlled DC/AC inverters enable repairing voltage fluctuations resulted from different parts of the network and experienced by the customers. This is possible as long as the DC voltage at the customer's end is greater than required minimum voltage to produce customer's operating voltage and the DC voltage stability is maintained. In the case of the ±750 VDC system this means that almost 50 % DC under voltage is allowable.
Short interruptions of the feeding AC network, like auto reclosures, will not disturb customers if energy storages are connected to the DC level. Capacitors matching the power demand and duration of interruption and connected to the DC-link, preferably at the customer's end, can be used as emergency power supplies during short outages in medium voltage network. High capacity energy storages or DG is required for islanded operation during longer outages of the feeding MV network. The bipolar LVDC distribution system can also be used in half of its capacity in DC faults, if the loads in this case do not exceed capacity limits of the system components.
CONCLUSIONS
This paper presented a method for solving the impact of the LVDC distribution system on the electricity distribution system reliability. The more the power electronics with a high switching frequency is used in demanding circumstances, the more it has the effect on the reliability of the distribution system. The weakest links of the main circuit of a converter are typically the capacitors and the power electronic switches. The lifetime and failure rates of these components strongly depend on the operating circumstances. The faults in converters affect only to the customers located in the LVDC distribution district. The harm caused by a fault in LVDC network is quite small compared to the situation of a fault incidence MV network, experienced by all the customers in a MV protection zone and is often seen by customers on other feeders as a voltage sag also. Thus, in addition to the fault rates, the total reliability impact of power electronic network components depends strongly on their amount in the network and the other changes in the network related, especially the changes in the MV network. Further analysis is needed for defining the actual fault rates and replacement times of power electronics and also the fault rates of conventional LV cables when they are used in DC networks.
The power electronic devices will have to be replaced perhaps several times during the total utilization period of the network they are connected to, which may increase the total life time costs of the power electronics considerably. However, frequent replacement allows also updating to the best solutions at that time available. A well-planned replacement program is required for managing the cost and reliability effects of the power electronics in electricity distribution.
